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Analysis of 16 long-time creep tests on columbium C-103 alloy (Cb-lOHf-lTi-0. 7Zr) indicates 
that the calculated stresses to give- 1 percent creep strain in 100, 000 hours at 1255 K (1800 F) 
are 7.93 and 8.96 MPa (1150 and 1300 psi) tor fine-grained’ and course-grained material, re- 
spectively. The apparent activation energy and stress dependence for creep of this alloy are 
approximately 315 KJ/gmol (75, 300 cal/gmol) and 2.51, respectively, based on Dorn-Sherby 
types of relations. However, the 90 percent coiifidence limits on these values arc wide because 
of the limited data currently available. 
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INTERIM-^ANALYSIS OP LONG-TIME CREEP 
BEHAVIOR OF COLUMBIUM C-I03 ALLOY 


by William D. Klupp and Robort Hi TItr/in 
SUMMARY 

An analysla 1 b preflented based on 16 creep tests from an on-golng 
program to evaluate the long-time creep behavior of columblum C-103 al- 
loy. This interim analysis indicates that the calculated stresses to 
give 1 percent creep strain in 100,000 hours at 1255 K (1800 F) are 7.93 
and 8.96 MPu (1150 and 1300 psi) for fine-grained and coarse-grained ma- 
terial, respectively. The alloy exhibits an accelerating creep rate at 
strains of less than 1 percent which can be differentiated ihto periods 
termed early tertiary creep (time dependence of 3/2) and late tertiary 
creep (time dependence of 5/2). No periods of identifiable primary or 
secondary creep were observed. The tines-to-l-percent-straln and early 
and late tertiary creep rates were correlated with stress and temperature 
by Dorn-Sherby types of relations. The apparent activation energy and 
stress dependence applicable to all three relations are 315+49 KJ/gmol 
(75,300+11,700 cal/gmol) and 2.51+0.44, respectively. The creep rate for 
the fine-grained material accelerates more rapidly with time than that for 
the coarse-grained material. 


INTRODUCTION 

The columblum C-103 alloy (Cb-lOHf-lTi-0. 7Zr) was selected as the ma- 
terial of construction for the Heat Source Heat Exchanger of the Mini- 
Brayton Isotope Power System (ref. 1) in July, 1974. This alloy was sub- 
sequently also selected for the turbine scroll of the Mini-Brayton Power 
System. The basis for these selections was a comparative evaluation of 
C-103 and Cb-lZr by the authors of this report. At that time, it was es- 
timated, on the basis of eight creep tests, that C-103 would have a strength 
of 20 MPa (2900 psi) for a creep strain of 1 percent in 100,000 hours at 
1255 K (1800 F). 

Since that time, additional creep data have been generated on C-103. 

A re-analysis with these more extensive data (16 creep tests for times up 
to 4897 hours) initiated in September, 1975, indicated that the original 
correlation was erroneous with regard to the activation energy and stress 
dependence of the creep rate. This re-analysis further Indicated that the 
extrapolated strength for 1 percent creep in 100,000 hours at 1255 K 
(1800 F) Is somewhat less than one-half the 20 MPa (2900 psi) value orig- 
inally estimated. 

In view of the need for accurate long-time creep strength predictions 
tor C-103 for the de'3lgn and safety margin of the Minl-Brayton Power System, 
this re-analysis was extended to Include detailed screes and temperature 
effects, grain size affects, and shapes of the creep curves. The results of 
this analysis are reported herein. 
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Thti nnalyfllfi in tnrmod Intorlm n:lni;n thin c.hnrnc.tprls'->i Ion of tho lonp,- 
tlmc (iroop behavior of C-X03 io continuing., it in anticipated that the re- 
auitfl of the completed ntudy will be reported at n later date. 
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The C-103 alloy was commerieally proi'ured aa 0.076-cm (0.030-in.) 
thick sheet. Principal constituents were determined an follows: 


Hafnium 

Titanium 

Zirconium 

Tantalum 

Tungsten 

Oxygen 

Nitrogen 

Carbon 

Hydrogen 


9.75 wt pet 
1.11 wt pet 
0.45 wt pet 
0.31 wt pet 
0.25 wt pet 
214 wt ppm 
62 wt ppm 
37 wt ppm 
0.8 wt ppm 


Creep specimens having a 0.635-cra (0.250-in.) wide by 2.54-cm (1.00- 
in.) long gage section were machined from the 0.076-cm (0.030-ln.) sheet. 
These specimens were degreased, rinsed in alcohol and distilled water, 
wrapped in tantalum foil, and annealed in a vacuum of 10 torr at 16 to 
2023 K (2420 to 3200 F) prior to creep testing. Weight changes which were 
observed during annealing generally amounted to only a few milligrams, equiv- 
alent to compositional changes of a few tens of ppm. 


The grain size after annealing for 1 hour at 1600 K (2420 F) averaged 
30 micro-meters, while annealing for 1 to 5 hours at 1700 to 2023 K (2600 to 
3200 F) gave an average grain size of 90 micro-meters. These two structures 
are referred to below as fine-grained and coarse-grained, respectively. 

Creep tests were conducted in Internally loaded high-vacuum creep units 
described earlier (ref. 2). A tantalum split sleeve resistance heater was 
employed for heating the specimens. The pressure was generally 10 torr at 
the start of a creep test, decreasing into the lO-^'' torr range after sev- 
eral hundred hours. Strains were measured by frequent telescopic readings ot 
fiducial marks at the ends of the gage sections during creep. 


Test temperatures ranged from 1100 to 1366 K (1520 to 2000 F) and sbres 
aes from 20.7 to 276 MPa (3 to 40 ksi). Teats were generally terminated af- 
ter 1 to 3 percent strain. The duration of the longest completed test was 

4897 hours. 


RESULTS AND DISCUSSION 

Analysis of Tlmc-to-1- I’en unt-S train Data 

The creep data on C-103 currently available from this study are suin- 
marized in Table 1. Tests currently in prog ' .mb are also listed to Inform 
the Interested reader of additional data wIrU will noon be available. 
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Roproflontatlvci curves arc wliown Jn P^fpiro ,1. 

The creep behavior is occn to be imudunl ,1n comparlHon to that of 
pure inetala and of loany alloys Jn that only ac(.’c,lcrat.lnp, < roep la obaorvc.d 
for C~103. Since the anlaysis of CVIOJ creep waa complicated further by 
slightly differing behavior between fiiu’ )', rained and coarse-grained ma- 
tcrlalsi a straight-forward analys.I.n oi: t.lic t lmen t;o 1 percent creep strain 
was preferred over analyses of the creej) rates for the initial correlation 
and extrapolation to longer times. 

Dorn-Sherby Analysis 

For this initial correlation, the times to 1 percent strain from 
Table 1 were correlated by a Dorn-Sherby type of relationship as expressed 
by Eq. (1), Table 2 (refs. 3,4). 

It is seen in Figure 2 that a linear relationship exists on a log- 
log baais between the temperature-compensated tlme-to-l-percent-straln and 
stress for stresses between 20.7 and 82.7 MPa (3 and 12 ksi) ; above this 
stress, the curve deviates upwards. This type of behavior is consistent 
with that for most other metals and alloys when the temperature— compensated 
linear creep rate is plotted against stress. The upward curvature of this 
line above a given stress indicates usually a change from a power stress 
dependence to an exponential stress dependence (ref. 5). 

The apparent activation energy (Q) and stress dependence (n) were 
determined simultaneously for both the fine-grained and coarse-grained 
C-103 by a least-squares fitting of the data at 20.7 to 82.7 MPa (3 to 
12 ksi) to Eq. (1). These values and their approximate 90 percent con- 
fidence limits were ‘determined to be 315+49 KJ/gmol (75,300+11,700 cal/ 
gmol) and 2.51+0.44, respectively, as given in Table 2. The constant K1 
is also given in Table 2 for both the fine-grained and coarse-grained ma- 
terials. 

Figure 2 shows that the creep rates for the fine-grained material are 
about one-third faster than those for coarse-grained C-103. This is equiv- 
alent to a strength advantage for the coarse-grained material of about 11 
percent over the fine-grained material. 


The creep strength of C-103 for select ed times and temperatures of 
interest to the Mlnl-Brayton Power Syutt-m were predicted using Mq. (1) 
and the appropriate constants from Table 2. TIies(' predicted strength 
values and their approximate 90 percent cnnildi>nce limits are given In 
Table 3. Figure 3 shows the predicted strcngtli for 1 percent creep In 
100,000 hours as a function of temperature. These new predicted 1255 K 
(1800 F) strength values of 7.93 to 8.90 MPa (1150 to 1300 psl) are 40 to 
4.5 percent of the 20 MPa (2900 psl) predicted from the c-ar11cr analysis of 
C— .103 creep data. The wide coniidence lliulfs (l.c., a spread of ni'arly a 
factor of 2) reflect the very limited amount of long-limo cret-p data cur- 
rently available for C-103 and the consequent lilj'.h level ol uncertainty In 
these predicted values. 


A 


l.arHon-MlXlei::. Ana l y eiB 

Tho tlmc-to-l-percent-fltraln data worn /lino annJyzad by the Laraon- 
Miller method (ref-- 6). This correlation in nhowri in Figure A. Here, T 
in expreafiod In t in houra, and the roniitant in given itn uouaJ value 
of 20. The beo- cavvo through thone data extrapolated l:o a creep atrength 
for 1 percent atrain in 100,000 hours nt 12S'i K (IHOO P) of 21 MPa (3050 
pal), algnificantly higher than thoae predicted by the Dorn-Sherby method. 

Comparison of Dorn-Sherby and Larson-Millur Analysea 

It Is obvious that the Dorn-Sherby and Larson-Mlller analyses give 
widely differing results for the extrapolated long-time strength of C-103. 

We consider that, at least for the present analysis, the Dorn-Sherby 
approach provides a more accurate relationship between creep rate, stress, 
and temperature and thus Is better suited for data correlation and extrap- 
olation than the Larson— Miller method for the following reasons: 

1. The Dorn-Sherby type of relationship includes terms for activation 
energy and stress dependence which can be correlated with theoretical ex- 
pressions for the rate-determining dislocation reactions (at least for lin- 
ear creep). In contrast, the Larson^iller relationship is strictly empir- 
ical. 

2. The Dorn-Sherby relationship can simultaneously correlate the creep 
behavior of a wide variety of pure metals when dlffuslvlty and modulus cor- 
rections are Included. The Larson-Mlller relation, in contrast, must be 
Individually fitted to each data set. 

3. The Dorn-Sherby relationship provides a much better correlation of 
the present data at 20.7 MFa (3 ksi) , near the region of greatest Interest, 
than does the Larson-Miller relation. 

A. The Dorn-Sherby approach allows distinction between the fine- 
grained and coarse-grained material while the Larson-Wlller does not. 

5. Strength values derived from the. Dorn-Sherby analysis are more con- 
servative than those derived from the Larson-Miller analysis. 

Thus, we recommend that data extrapolated by the Dorn-Sherby relation, 
Eq. (1), be employed for design of those portions of the Mlni-Brayton 
Power System made of C-103. 

Analysis of Creep Curve Shapes 
Correlation of Early and Late Tertiary Creep Kates 

As mentioned earlier, analysis of the creep behavior of G-103 is mote 
complicated than that for most pure, metals by the absence of periods of 
identifiable primary (parabolic or cubic) or secondary (linear) creep. The 
creep rate Instead accelerates with time at strains of less than 1 perc»>nt 
in a manner normally referred to as tertiary creep. 

Slmiliir accelerating creep has been olea'tved iir<'vtoii!:l y In high vacuum 
ior many columbltun and tantalum allnyi; (rets. ;\V-!2). Analysis of the 


curvrn for To-lOW (ref. U) ohowod thnt nnr/ilii wnfi proportlonel to 

ttmo (3/2) for otrafnfl up to oovorol pormit. 

Thp data from the proaonf ntudy woro onnivznd to di^tormlno tlio timo 
dopp.ndovico of croop usIub the mot hod of 1 (uMf d J i 1 i'r^'ucni no dcfiorlhod 
by Crufloard (ref. 13). Tho tlmo dopoudomto (m) of C-103 oroop waa dotor^ 
minnd on flix spoclmona to runp.c from 2.10 to 2,H't, an Indlcafod In Table 1. 

Tho average value was 2.41, wlilch wan romidod off to 5/2. 

Wo define creep which procoo.dn pro))ort l('iia1 to tho 5/2 power of time 
an "late tertiary creep" to diatingulnh It from "early tertiary creep", 
which proceeds according to the 3/2 power of time. The late tertiary creep 
rate, expressed In dimensions of strain (2/5) nec(“l) Is termed y, while 
the early tertiaty creep rate, with dlmenslonH of strain (2/3) sec(-l), is 
termed ^ . 

The term tertiary creep here refers to the shape of the creep curve 
and not to the imminence of failure. Although tho mechanisms which cause 
accelerating tertiary creep are not well understood at present, it is 
known that grain boundary voids nucleate and grow during this period of 
creep. Thus, early and late tertiary creep behavior may be associated with 
reactions involving grain boundary voids. 

Both early and late tertiary creep rates as well as the strain Intercepts 
at zero time for early tertiary creep were determined for each creep curve and 
are included in Table 1. These rates were correlated by Dorn-Sherby type 
relations, Eqs. (2) and (4) in Table 2. The activation energies and stress 
dependencies determined for early tertiary and late tertiary creep were very 
similar to those determined earlier for the tlme-to-l-percent-strain cor- 
relations. In order to Improve in ter cor relations among the early (p) and 
late ('V') tertiary creep rates and the time-to-l-percent-straln data, the 
activation energy and stress dependence determined for the tlme-to-1-pe.rcent- 
straln data were employee 'iso for correlating the early and late creep 
rates. This approach prec^-ded the determination of separate confidence lim- 
its for the constants in Eq. (2) and (4). These correlations are shown in 
Figures 5 and 6, respectively, and the derived constants are given In Table 2, 
The early and late tertiary creep rates are seen to correlate fairly well by 
these relationships and to exhibit an upswing at stresses greater than 82.7 
MPa (12 ksl) as also observed for the tlme-to-l-percent-strain data in Fig- 
ure 2. 

Reconstruction of Creep Curves 

It is deslreable. to reconstruct as well as possible the average creep 
curves for fine-grained and coarse-grained il-irn In order to illustrate tht* 
effects of grain size on the shapes of the creep curves and to allow extrap- 
olation of the curves to creep strains greater than 1 percent. Tn order to 
reconstruct the creep curves, the strain Intercept at zero time (which rep- 
resents strain on loading and any traces of primary and secondary creep) Is 
needed as well as the "transition time" from eaily to late tertiary creep. 

It is also necessary to assume that the (ihapes of t li*' fteep curves are un- 
changed (except for the effects of grain size) over tho time, temp<>rature. 
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nnd otroflB rangae of intoroat hopo«- Although thin nonumptlon In not true 
over wide rnhgon of condltlonn, It In neooorinry hero In view of the, limited 
nvalloblo data and-la-4taaful for tho purponen of thin ntudy. 

The attain Intorcopt at- ssoto time In obtained by correlation of thene 
data for early tertlory creep from Table 1# AnnumlnR that tho creep rep** 
rooonted by thin atrolfi haa tho aoroo activation onctRy an that for tho. other 
creep rotoa for C-103, 315+48 KJ/gmol (75, .'JOO+ll, 700 cal/gmol), a attoaa de- 
pendence ef 1«85 waa obtained by louat-oqtmren analyalB of the early ter- 
tiary creep, zero-time attain- intercept data. This otreao dependence in aim- 
liar to the value of 2 previously observed between stress and Initial creep 
strain (ref. 14). This correlation is seen in Figure 7 to be fair at best, 
probably reflecting the scatter Inherent In the extrapolation to zero time 
of experimental measurements of very small creep strains. 

The transition time from early to late tertiary creep le needed since 
the two rates must be employed sequentially to reconstruct the creep curve. 
This transition time is defined as that time at which the instantaneous 
early and late tertiary creep rates are equal. The early tertiary creep re- 
lation and its dlff-e«entlal with respect to time (the Instantaneous creep 
rate) are: 


e 


(0t) 


3/2 


de/dt » 


The equivalent relations for late tertiary creep are: 



de/dt “ (5/2)y^^^t^^^ 

The transition time Is derived from Eqs. (6) and (8) as: 


(5) 

( 6 ) 

(7) 

( 8 ) 


t 




(9) 


The transition times and strains calculated from the experimentally ob*“ 
served early and late tertiary creep rates are given in Table 1. 


Creep carves calculated for both fine-grained and coarse-^grainec C^103 
using Eqs. (2)* (3) t (4), and (9) arc compared In Figure 8 to representative 
experimental data. Herep the experimental tlmeB are compensated for creep 
stress and creep temperature so that the differences between the two curves 
represent only the effects of grain size. Tt is coincidental that the ex- 
perimental points lie below the calculated curves for both tests shown here; 
scatter both above and below the calculated curves was observed for other 
tests. It is m*ted that the curve lor the line grained material acceleratcM 
more rapidly than that for the coarse-grained mati'tlal* This difference re- 
flects the transition to late tertiary creep at a lower strain in the ttne^ 
grained than in the coarse-grained matt^rial, as nvvu from the calculated 
transition strains In Table 1. 
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ThP caleuXatod croop ntrroiBthfl for ntrainn up to 5 porcont at varlmm 
tlraoa and tomparaturoo of Intoront aro Rivnn In Tablo A. Por oxample, ro'’ 
laxlnR the allowablo otarain tn conrnn-p,ralnod C^IOl at 1255 K (1800 F) and 
100,000 houra 1 pai^cnnt to 5 pnrronf liirroanon tho allowaMo atmin 
from 9. 17 to X2; 7 MPa (1.33 to 1,84 knl), an Jncrcnao of 38 porcont. For 
1 Xno*’BraXnod natorlaX, tho allowable ntrona tnorc'aoo la 29 porcont. Tho 
Hharpor acooloratlon of creep In tho ftno-Rralnod material in rcaponnlblo 
tor the losser incroaoo in allowable ntrena rt^latlvo to the- coarHO“Bruinod 
matorlal, Slmllorly, tho allowable atronu Jncreanoii with hlBhor allowable 
strains are lees for C-103 in general than they would bo for matorloln ex- 
hibiting linear creep because of tho accelerating creep exhibited by C-103. 

SUMMARY OF RESULTS 

Major results from this interim analysis of the long-time creep be- 
havior of the columblum C-103 alloy are summarized as follows: 

1. The stresses for 1 percent crepp in 100,000 hours at 1255 K (1800 F) 
are calculated as 7.93 and 8.96 MPa (1150 and 1300 psl) for line-grained and 
coarse-grained C-103, respectively. These strengths are both substantially 
lower than the 20 MPa (2900 psi) predicted from an earlier analysis on fewer 
data. Confidence limits on these new strength values are wide because of 
the few data currently available. 

2. At llOQ to 1366 K (1520 to 2000 F) and stresses from 20, 7 to 276 MPa 
(3 to 40 kal) , C-103 exhibits accelerating creep which can be differentiated 
into one period where strain is proportional to time (3/2) and a second per- 
iod where strain is proportional to time (5/2). These two periods are 
termed early and late tertiary creep, respectively. No periods of identifi- 
able primary or secondary creep were observed. 

3. The tlmes-to-l-percent-strain and early and late tertiary creep 
rates currently appear best correlated with stress and temperature by Dorn- 
Sherby types of relations. The apparent activation energy and stress de- 
pendence applicable to all three relations are 315+49 KJ/gmol (75,300+ 

^^*700 cai/gmol) and 2.51+0.44, respectively. 

4. Analysis of creep curves indicates that the creep rate accelerates 
more rapidly wltH-blme for fine-grained than for coarse-grained C-103. 
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TAHIF: - CHTO’ Pi:iATIONf)HTPf{ AN|) (U>NHTAMTH FO|i C-'IOI 

J/t - 

I) « K2P'‘*r'i/»T 

fp(n) " 

; - K4u'Ur(i/HT 

lnK| I’., K.j 

nno"HirntmHl imitorJol ;M).1 x.U);; 'l(Vrt/i,(»i l 'i,% ^ 

U(Mir(ie~flrnlii««l ini\t:i*rJnl 1,,A‘(xlO' 'l.dOlVi.d / 1 (,,',o h.o/xIO*' I 


l''liu>-ttnilno4 iiidUTinl ;i. .l,Hlj 
OouM^irulnod iimturlnl 2.Dl+0.4<’t 1,8!) 

t “ tltno- to 1 pctfcoiu iitniln, tiiuMHitlo 
0 - uurly tiirtlary en-op niti', 

Vo (8) ■ strain intoroupt at ii(.ir(> Umo lor p crooit 
y “ late turtlary orcop rato, at ralir /''aocomrl 
0 ■ BtroHB, Ml’a 

n ■ otruHa dopontlimoy 

(} •• apparent activation ancriiy lor urocp 

“ 313+49 Kd/smol 

R “ guB conatant 8,314 J/K-pniol 

T «* tempera turo, K 

K •• cret»p conatant, (MPu)“0(acc)“^tu*(Ml’u)“” 


TABLE 3. “ PREDICTED CREEP STRENGTHS EOR C-103 
(BASED ON DORN-SHERBY ANALYSIS) 


Temperature > 
K (F) 

Time 

Streua for 1 percent Btraln In 
indicated time and approximate 
90 percent confidence liroitu 
MPa (kHi) 

Fine-grained C-103 

1116 (1550) 

5 yr 

49,0+13,5 (7.11+1.96) 


7 yr 

42.9+12.4 (6.22+1.81) 


100,000 hr 

35.3+11.1 (5.12+1.61) 

1228 ( 17 Sn) 

5 yr 

14.4+ 4.1 (2.09+0.60) 


7 yr 

n.3+ 3*8 a* 83+0* 56) 


100,000 hr 

10.4+ 3.4 (1.51+0.50) 

1255 (1800) 

5 yr 

11.0+3.2 (1.60+0.47 


7 yr 

9.7+ 3.0 (1.40+0.43) 


100,000 hr 

7.9+ 2.6 (1.15+0.38) 


Courue- 

grained 0.103 


1116 

(1550) 

1228 

(1750) 

1255 

(1800) 
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yr 
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hr 
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.02+?, 

.09) 
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3 

(/ 

*0)+l , 

.93) 

30, 

3J 1 

11, 

0 

('> 

. 7H4 1 , 

.72) 

16, 

3+ 

A, 

3 

(2 

. 36+0, 

.62) 

lA, 

31 

A, 

0 

(2 

,0(»+0, 

. 5,3) 

1) , 

/-I 

3, 

f> 

0 

. 7(KO* 

52) 

l;>, 

Ai 

3, 

3 

(1. 

.HO+0, 

,48) 
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HI 

3, 

1 

(1 

. 57+(J, 

,45) 

0, 

0+ 

) 
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0 

. 30+0, 

, )>») 








rAHI.K 4. - I'UI'IOtCTHIi iJTKKUKI'IK To (ilVT VAKlol'!; CKT.I.I’ STKAli;!! IN ( • KM 
(»AHI’:i) ON IMiim-CIIKMIlY ANAI.VM !:) 


Nli-i'iiii l..|- I't (•<•!> Ill IikIIcviIi-iI iilnilii, 

HIM (hiO 

Kinu-ijraJiuMl i - l(M 
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yr 

50.7 

(7.35) 

56.8 

(H 


60 
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(8.80) 

63. 

r> 
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.22) 



100 
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yr 

44.3 

(6.43) 


(7 

.21) 

S3 
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(7.70) 
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hr 
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(5.29) 

41.0 
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14.9 

(2.16) 
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100, 
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yr 
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(1.89) 
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.12) 

IS, 

7 

(2. .’7) 
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17 
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1 000 

hr 

10. H 

(1.56) 

12.1 

(1 

.75) 
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(1.8/^ 
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4 
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i9S) 

14, 

. 0 


5 

yr 

11.4 

(1.65) 

12.8 

(1 

.85) 

13, 

(5 

a*97) 

1 M . 
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(2 

,07) 

14, 

.8 

100, 

7 

yt 

9.9 

(1.44) 

11.2 

(1 

.62) 

11. 
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(1.73) 
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') 

(1 

.81) 

! 3, 

. {} 

000 

hr 

8.2 

(1.19) 

9.2 

(1 

.33) 

9, 

8 

(1.42) 

JO. 

3 

(1 

.49) 

10. 

b 


Coanii-tva tin'll c- | OT 


5 yr So. 6 (8.21) 

7 yr 49.6 (7.19) 

100,000 hr 40.8 (5.92) 

5 yr 16.7 (2.42) 

7 yr 14.6 (2.12) 

100,000 hr 12.0 (1.74) 

5 yr 12.7 (1.84) 

7 yr 11.1 '1.61) 

100,000 hr 9.2 (1.33) 
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